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Drosophila melanogaster is one of the most well studied genetic model organisms; nonetheless,
its genome still contains unannotated coding and non-coding genes, transcripts, exons and RNA
editing sites. Full discovery and annotation are pre-requisites for understanding how the
regulation of transcription, splicing and RNA editing directs the development of this complex
organism. Here we used RNA-Seq, tiling microarrays and cDNA sequencing to explore the
transcriptome in 30 distinct developmental stages. We identified 111,195 new elements,
including thousands of genes, coding and non-coding transcripts, exons, splicing and editing
events, and inferred protein isoforms that previously eluded discovery using established
experimental, prediction and conservation-based approaches. These data substantially expand the
number of known transcribed elements in the Drosophila genome and provide a high-resolution
view of transcriptome dynamics throughout development.

Drosophila melanogaster is an important non-mammalian model system that has had a critical
role in basic biological discoveries, such as identifying chromosomes as the carriers of genetic
information1 and uncovering the role of genes in development™’. Because it shares a substantial
genic content with humans®, Drosophila is increasingly used as a translational model for human
development, homeostasis and disease’.

High-quality maps are needed for all functional genomic elements. Previous studies
demonstrated that a rich collection of genes is deployed during the life cycle of the ﬂy6’8.
Although expression profiling using microarrays has revealed the expression of, 13,000 anno-
tated genes, it is difficult to map splice junctions and individual base modifications generated by
RNA editing’ using such approaches. Single-base resolution is essential to define precisely the
elements that comprise the Drosophila transcriptome.

Estimates of the number of transcript isoforms are less accurate than estimates of the number of
genes. Whereas, 20% of Drosophila genes are annotated as encoding alternatively spliced pre-
mRNAs, splice-junction microarray experiments indicate that this number is at least 40% (ref. 7).
Determining the diversity of mRNAs generated by alternative promoters, alternative splicing and
RNA editing will substantially increase the inferred protein repertoire. Non-coding RNA genes
(ncRNAs) including short interfering RNAs (siRNAs) and microRNAS (miRNAs) (reviewed in
ref. 10), and longer ncRNAs such as bxd (ref. 11) and rox (ref. 12), have important roles in gene
regulation, whereas others such as small nucleolar RNAs (snoRNAs)and small nuclear RNAs
(snRNAs) are important components of macromolecular machines such as the ribosome and
spliceosome. The transcription and processing of these ncRNAs must also be fully documented
and mapped.

As part of the modENCODE project to annotate the functional elements of the D. melanogaster
and Caenorhabditis elegans genomes'> ", we used RNA-Seq and tiling microarrays to sample
the Drosophila transcriptome at unprecedented depth throughout development from early embryo



to ageing male and female adults. We report on a high-resolution view of the discovery, structure
and dynamic expression of the D. melanogaster transcriptome.

Strategy for characterization of the transcriptome

To discover new transcribed features (Supplementary Table 1) and comprehensively characterize
their expression dynamics throughout development, we conducted complementary tiling
microarray and RNA-Seq experiments using RNA isolated from 30 whole-animal samples
representing 27 distinct stages of development (Supplementary Table 2). These included 12
embryonic samples collected at 2-h intervals for 24 h, six larval, six pupal and three sexed adult
stages at 1, 5 and 30 days after eclosion. We used 38-base-pair (bp) resolution genome tiling
microarrays to analyse total RNA from all 30 biological samples and poly(A)+ mRNA from the
12 embryonic samples (Supplementary Fig. 1). To attain single-nucleotide resolution and to
facilitate the analysis of alternative splicing and RNA editing, we performed non-strand-specific
poly(A)+ RNA-Seq from all 30 samples generating a combination of single and paired-end ,75-
bp reads on the Illumina Genome Analyser IIx platform (short poly(A)+ RNA-Seq)
(Supplementary Table 3 and Supplementary Fig. 2). To identify primary transcripts and non-
coding RNAs, the 12 embryonic time points were also interrogated with strand-specific 50-bp
sequence reads from partially rRNA-depleted total RNA on the Applied Biosystems SOLiD
platform (Supplementary Table 4 and Supplementary Fig. 3).To improve connectivity, mixed-
stage embryos, adult males and adult females were used to generate, 250-bp reads on the Roche
454 platform (non-strand-specific long poly(A)+ RNA-Seq) (Supplementary Table 5). In total,
we generated 176,962,906,041 bp of mapped sequence representing 1,266-fold coverage of the
genome and 5,902-fold coverage of the annotated D. melanogaster transcriptome.

Discovery of new transcribed regions

We identified 1,938 new transcribed regions (NTRs) not linked to any annotated gene models.
Herein, ‘transcripts’ refer to RNA molecules synthesized from a genomic locus whereas ‘genes’
refer to one or more transcripts that share exons in their mature spliced form. modENCODE
cDNAs fully support 13% of the NTRs (Supplementary Fig. 4) and partially support 23%. Most
NTRs (84%) are detected by poly(A)+ RNA-Seq, 44% by total RNA-Seq and 42% by tiling
array. Approximately half of the NTRs are conserved in the distantly related Drosophila
pseudoobscura and Drosophila mojavensis (Supplementary Fig. 4b) and 30% of these are
detected by poly(A)+ RNA-Seq data from D. pseudoobscura or D. mojavensis adult heads
(Supplementary Fig. 4c, d, Supplementary Table 6 and Supplementary Methods). The NTRs
probably eluded previous detection because they are expressed at low levels, in temporally
restricted patterns, and are enriched for single-exon genes. The new multi-exon gene models
(48%) have fewer, shorter and less conserved exons than annotated genes.

Nearly one-third of the NTRs have a predicted open reading frame (ORF) greater than 100
amino acids. The remaining NTRs could encode small peptides but many are likely to be non-
coding RNAs. A small fraction (9%) of NTRs are heterochromatic; most of these (232) have
sequence similarity (greater than 100-nucleotide match and greater than 60% identity) to
transposable elements (TEs) and represent transcribed TEs or TE fragments. It remains to be



determined whether these regions have any function, although recent studies describe TE-
associated regions that have acquired functions'®"”.

Even in the well-studied Bithorax complex” we found an NTR. Known genetic breakpoints in the
infra-abdominal regions iab-3 to iab-8, which lie between the homeotic genes abdominal A(abd-
A) and Abdominal B (Abd-B), disrupt normal male development and affect fertility'®'’. Within
this region are regulatory elements®’ and evidence for long non-coding RNAs that have eluded
detection for over 20 years>' >*. We used the RNA-Seq data to infer the structures of at

least three overlapping transcripts and validated one form (Fig. 1). The RNAs are expressed in
embryos and adult males but not females. On the basis of the presumed role of this new gene and
spatial expression in the embryonic gonad (data not shown), we have named it male specific
abdominal (msa). The cDNA contains short ORFs that are conserved in the melanogaster
subgroup and could encode male-specific peptides. Whether they function as regulatory and/or
as peptide-encoding RNAs is an important question for understanding development and
segmental morphological diversity.

Discovery of small ncRNAs

We identified 37 unannotated intron-encoded and two unannotated intergenic small ncRNAs
(<300 nucleotides) with an average fragments per kilobase of transcript per million fragments
mapped (FPKM)** >20 from total embryonic RNA-Seq (Fig. 2 and Supplementary Table 7).
Most of these ncRNAs are highly conserved in Drosophila sibling species”. We found published
but unannotated ncRNAs: a Udatac snRNA”® and four small Cajal-body-specific RNAs
(scaRNAs)27. Of the remaining 34 ncRNAs, three are box C/D-like snoRNAs, 28 are box
H/ACA-like snRNAs, one is a scaRNA-like RNA, and two are unclassified. One-third of these
are located in the introns of genes encoding RNA-binding proteins, the majority of which

are involved in pre-mRNA splicing (x16, SC35, tra2, Dek, Prp8, Tudor-SN, and pUf68).

Discovery of microRNA primary transcripts

MicroRNAs are processed from primary microRNA transcripts (primiRNAs) and are either
independently transcribed or embedded in the introns of protein-coding genes. We identified 23
putative independently transcribed pri-miRNAs from the total embryonic RNA-Seq and tiling
array data that encode 37 annotated miRNAs (Supplementary Table 8). Only two primary
transcripts were previously annotated (bft and iab-4). The pri-miRNAs range from 1 to 18 kb and
terminate at the mature miRNA (pre-mir-315, Supplementary Fig. 5a). Twelve of the 23
precursors have cap analysis of gene expression (CAGE) peaks that map at their initiation
sites28. pri-miRNAexpression is dynamic in embryonic development (Supplementary Fig. 5b).

Overview of the Drosophila transcriptome

We calculated expression levels of annotated genes, transcripts and NTRs (Supplementary Table
9) in the short poly(A)+ RNA-Seq and tiling array data sets. From the RNA-Seq data we
detected expression of 14,862 genes (Supplementary Fig. 7a) and 36,274 transcripts (Fig. 3a)
with an FPKM >1 (Supplementary Tables 9—18) of which 67% of genes and 58% of transcripts



were also observed in the array data (score >300) (Supplementary Fig. 6 and Supplementary
Tables 19 and 20). This includes the confirmation of 87% of annotated genes and transcripts and
the discovery of 17,745 new transcripts. In addition, from the total RNA-Seq data we detected
expression of 12,854 genes and 32,139 transcripts with an FPKM >1 (Supplementary Tables 12,
13, 21 and 22) of which 77% of genes and 89% of transcripts were also observed in the array
data. Of the genes and transcripts observed exclusively in the total RNA-Seq data, 519 genes and
1,005 transcripts (primarily noncoding) were previously annotated and 122 genes and 1,422
transcripts are new discoveries. The genes and transcripts not detected in any data set include
small genes (<200 bp), members of multi-copy gene families such as ribosomal RNAs,
paralogues (expected owing to our mapping parameters), genes known to be expressed at low
levels or in small numbers of cells (for example, gustatory and odorant receptor genes), and
nonpolyadenylated transcripts.

Expression dynamics

We examined the dynamics of gene expression throughout development using the short poly(A)+
RNA-Seq data. The numbers of expressed genes (FPKM >1) (Supplementary Fig. 7a) and
transcripts (Fig. 3a) gradually increases, from 7,045 (0-2 h embryos) to 12,000 (adult males).
Adult males express ~3,000 more genes than adult females, consistent with the known
transcriptional complexity of the testis”. We observed that 40% of expressed genes are
constitutively expressed in 30 samples (Supplementary Fig. 7b). We also observed
developmentally regulated expression of TEs (Supplementary Materials and Supplementary Fig.
8).

We observed pronounced expression changes in over 1,500 genes in the first two third instar
larval samples (Supplementary Fig. 7a, c). Expression of 1,199 genes increased at least tenfold,
and 421 genes decreased at least tenfold (Supplementary Table 23). Nearly all of the upregulated
genes are expressed for the first time during the third instar stage and most are poorly
characterized genes.

The earliest known event in metamorphosis is the ‘mid-3rd transition”> 0, identified by the
synchronous changes in the transcription of a number of well studied genes, Ecdysone-induced
protein 28/29kD and Fat body protein 1 (reviewed in ref. 31), and the switch from proximal

to distal promoters of Alcohol dehydrogenase™. These markers coincide with the surge reported
here. The mid-3rd transition has no morphological or behavioural correlates and is associated
with a pulse of the steroid hormone ecdysone acting through a non-standard receptor™”.
Whether the onset of testis development is a consequence of the mid-3rd transition, or whether
the two events are functionally related, remains to be investigated.

Over 29% of protein-coding genes showed significant sex-biased expression in adults (false
discovery rate <0.1%), with more male-biased (1,829) or male-specific genes (572) than female-
biased (945) or female-specific genes (15) (Supplementary Tables 24 and 25, and Fig. 3b).
Known female (ovo and otu) and male (dj) sex-biased genes were expressed as expected. We
found that 74% of the NTRs expressed in adults were significantly male-biased whereas only
2.1% were significantly female-biased.



Genome coverage

Mature mRNAs are encoded by 20% of the D. melanogaster genome and primary transcripts by
60% (Fig. 3c). An additional 15% of the genome (~75% total) is detected when considering all
of the short poly(A)+ RNA-Seq data. However, as greater than 99% of the reads map within the
bounds of the transcript models, the reads that map to intergenic regions constitute a small
minority of our data. Thus, although pervasive transcription of mammalian genomes has been
observed in microarray studies’ , we found little evidence of such ‘dark matter’>® (that is,
pervasive transcription) in D. melanogaster.

Discovery and dynamics of alternative splicing

To characterize constitutive and alternative splicing, we identified 71,316 splice junctions, of
which 22,965 were new discoveries. Of the new splice junctions, 26% were supported by
multiple experimental data types and 74% by only one data type, (Supplementary Fig. 9a)
primarily short poly(A)l RNA-Seq. Of the 20,751 new junctions from the short poly(A)l RNA-
Seq data, 7,833 were incorporated into new transcript models or transcribed regions (NTRs). The
remaining new junctions have yet to be incorporated into transcript models.

We also identified a total of 102,026 exons (Supplementary Table 26). Of the 52,914
representing new and revised exons, 65% were validated by capture and sequencing of cDNAs
and 2,586 were supported by RNA-Seq data from D. mojavensis and D. pseudoobscura.

Of the new exons, 3,392 were identified from the new splice junctions but have yet to be
incorporated into transcript models.

To examine splicing dynamics throughout development, we categorized all splicing events into
thecommontypes of alternative splicing events (Table 1). We identified a total of 23,859 splicing
events, of which 18,369 were new or recategorized, a threefold increase from annotated splicing
events. An additional 2,988 retained/unprocessed introns were identified that were supported by
only one experimental data type. In all, 7,473 genes contain at least one alternative splicing
event, which is 60.7% of the 12,295 expressed multi-exon genes—also a threefold increase in the
fraction of genes with alternatively spliced transcripts. Although smaller than the fraction of
human genes with alternatively spliced transcripts (95 %) a larger proportion of

Drosophila genes encode alternative transcripts than was previously known.

Of the new alternative exons, 8,226 were previously annotated as constitutive. As observed”,
annotated cassette exons, and their flanking introns, are more highly conserved than annotated
constitutive exons (Fig. 4a). The newly discovered cassette exons are more highly conserved
than the new constitutive exons, although both classes are less conserved than the corresponding
class of annotated exons. New cassette exons that were previously annotated as constitutive
exons are the most highly conserved set of exons (Fig. 4a). Annotated and new cassette exons
show a strong tendency to preserve reading frame (Supplementary Fig. 9b), indicating that these
transcripts increase protein diversity. Both annotated and new cassette exons tend to be shorter
than their constitutive counterparts, although both sets of new exons tend to be shorter than
annotated exons.



To assess the extent of splicing variation we calculated the ‘per cent spliced in” or Y(ref. 38) for
each splicing event in each sample as well as the switch score (A¥) by determining the
difference between the highest and lowest ¥ values across development (APY=Y jax — Pmin)- This
revealed a very smooth distribution of A¥ among all events, indicating that the splicing ofmost
exons is fairly constant whereas only aminority changemarkedly (Supplementary Fig. 9c and
Supplementary Table 27). Only 831 splicing events have a A¥ value >90. Further statistical
analyses (see Supplementary Methods) identified 13,951 (66%) alternative splicing events that
change significantly throughout development (Supplementary Table 28).

Hierarchical clustering of cassette exon events revealed the dynamic nature of splicing
throughout development (Fig. 4b), as exemplified by Cadherin-N (CadN), a gene with three sets
of mutually exclusive exons Fig. 4c). In each set, one exon is preferentially included in early
embryos, the other in late embryos, with a smooth transition between the two. Our analysis also
identified groups of exons that have coordinated splicing patterns (Fig. 4b). A set of 55 genes
contain exons that are preferentially included in early embryos, late larvae, early pupae and
females but skipped in all other stages. Gene Ontology (GO) analysis of these genes indicates
that many encode proteins involved in epithelial cell-to-cell junctions. GO analysis of genes that
contain exons preferentially included during late pupal and adult stages indicates that many
encode proteins that are part of neuronal synapses.

Sex-biased alternative splicing

Sex determination in Drosophila is mediated by a cascade of regulated alternative splicing events
involving Sex lethal (Sxl), transformer (tra), male-specific lethal 2 (msl-2), doublesex (dsx) and
fruitless (fru) that specify nearly all physical and behavioural dimorphisms between males and
females as well as X chromosome dosage compensation*’. Our RNA-Seq data confirm sex-
biased (AY = | Yhnate - Pfemate 1) splicing of Sx1 (A¥Y = 89.6), tra (A¥Y =39.2), dsx (A¥Y =59.7) and
fru (A¥ = 100).

In addition to the canonical sex-determination cascade, we identified 119 strongly sex-biased
splicing events (A¥ > 70) (Supplementary Fig. 9d). One striking example is Reps, which was
annotated as containing six constitutive exons. RNA-Seq data indicate that exon five is a sex-
biased alternative cassette exon (A¥ = 73.39) (Supplementary Fig. 10). This highly conserved
exon is included in males and skipped in females. The intron upstream of this cassette exon
contains conserved SXL binding sites, indicating that it is regulated by SXL and is a candidate
sex differentiation gene.

Discovery of RNA editing sites

Previous studies identified 127 sites in 55 Drosophila genes that undergo A-to-I RNA editing®'.
This post-transcriptional modification is catalysed by dADAR, which is expressed at increasing
levels throughout development and is thought to target products involved in nervous system
function. We analysed the poly(A)" RNA-Seq data to identify exonic nucleotide positions
consistent with A-to-I editing and defined 972 edited positions within transcripts of 597 genes,
including previously described edited sites in the transcripts of 36 genes (Supplementary Table
29). These genes include those required for rapid neurotransmission and other widely ranging



functions. For most sites, the frequency of editing increases throughout development and does
not correlate with overall expression levels (Fig. 5a). Editing typically begins in late pupal
stages, although we find transcripts that seem to be edited in late embryogenesis. Consistent with
earlier studies*?, exons containing editing sites are more highly conserved than unedited

exons. The majority of the edited positions (630) alter amino acid coding, the others are either
silent (201) or within untranslated regions (141). For example, the transcripts of quiver (qvr) are
edited at six positions, four that result in amino acid changes (Fig. 5Sb). qvr encodes a potassium
channel subunit that modulates the function of the voltage-gated Shaker (SH) potassium channel.
Sh transcripts are also edited at multiple positions43 . The combinatorial editing of both proteins
probably has an important role in modulating action potentials in the arthropod nervous system
and may have implications for the regulation of sleep*. Expressed sequence tags, long poly(A)*
RNA-Seq and cDNAs cross-validate nearly one-quarter (214) of the newly discovered

sites.

Computational analysis identified three potential editing-associated sequence motifs (Fig. Sa).
We observe 381 sites with one or more motifs in close proximity to the edited nucleotide
(Supplementary Table 30). Motif C, although less common than motifs A and B, is more
strongly associated with the editing site. Most (93%) instances of motif C occur on the sense
strand of the transcript and theAat the 39 end of the motif is the edited nucleotide. This motif is
over-represented in editing events that occur early in development.

Discussion

Our interrogation of the transcriptome of D. melanogaster throughout development has
considerably expanded the number of building blocks used to make a fly. Specifically, we
identified nearly 2,000 NTRs, increased the number of alternative splicing events by threefold
and the number of RNA editing sites by an order of magnitude. The resulting view of the
transcriptome at single-base resolution markedly improves our understanding of expression
dynamics throughout the Drosophila life cycle and has substantial biological implications.

The D. melanogaster, C. elegans and human genomes are organized quite differently.
Specifically, 20%, 45%and 2.5%of theD.melanogaster, C. elegans and human genomes,
respectively, encode exons or mature transcripts. Primary transcripts comprise a larger fraction
of each genome—60%, 82% and 37%. This highlights the fact that primary transcripts and
introns are much shorter in D. melanogaster and C. elegans than in human and that the D.
melanogaster and C. elegans genomes are more compact than the human genome.

The existence of unannotated genes was indicated by microarray studies®* and conservation
among Drosophilid genomes®. However, the NTRs that we identified were not identified by
comparative sequence analysis* as they are less conserved than most previously known genes.
This emphasizes the importance of using both comparative analyses and transcriptome profiling
for genome annotation.

Despite the depth of our sequencing, the annotation of the D. melanogaster transcriptome is not
finished. We failed to detect expression of 1,488 annotated genes including members of gene
families to which short reads can not be uniquely mapped and genes expressed at low levels or in



spatially and temporally restricted patterns. Moreover, although we substantially increased the
fraction of genes that encode alternatively spliced or edited transcripts,we again failed to detect
several annotated RNA processing events. Study of more temporally and spatially restricted
samples will allow deeper exploration of the Drosophila transcriptome, and almost certainly
result in the discovery of yet additional features. Furthermore, functional studies of the new and
previously unstudied elements will provide valuable insight into metazoan development.

METHODS SUMMARY

Animal staging, collection and RNA extraction.

Isogenic (y'; cn bw' spl) embryos were collected at 2-h intervals for 24 h. Collection of later
staged animals started with synchronized embryos and included resynchronizing with appro-
riate age indicators. Six larval, six pupal and three adult sexed stages, 1, 5 and 30 days, were
collected. RNA was isolated using TRIzol (Invitrogen), DNased and purified on an RNAeasy
column (Qiagen). poly(A)" RNA was prepared from an aliquot of each total RNA sample using
an Oligotex kit (Qiagen).

Tiling arrays.

RNAs from three biological replicates of each sample were independently hybridized on 38-bp
arrays (Affymetrix GeneChip Drosophila Tiling 2.0R array) as described”’.

RNA-Seq.

Libraries were generated and sequenced on an [llumina Genome Analyser IIx using single or
paired-end chemistry and 76-bp cycles. SOLiD sequencing used total RNA treated with the
RiboMinus Eukaryote Kit (Invitrogen). Samples were fragmented, adaptors ligated (Ambion)
and sequenced for 50 bases using SOLiD V3 chemistry. 454 sequencing used poly(A)" RNA
from Oregon R adult males and females and mixed-staged yl; cn bw' sp' embryos. Sequences
are available from the Short Read Archive and the modENCODE website (http://
www.modencode.org/).

Targeted RT-PCR and cDNA isolation and sequencing.
Standard procedures were used for RT-PCR and targeted cDNA isolation and sequencing.
Analysis.

Cufflinks** was used to identify new transcript models and to calculate expression levels for
annotated and predicted transcript models. MFold*® was used to predict secondary structures
from the new snoRNA-like RNAs. JuncBASE" identified alternative splicing events and
calculated per cent spliced in (7)®. Editing sites were identified by comparing aligned reads to
the reference genome.
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Figure 1 | Discovery of new RNAs in the Bithorax complex. Genomic organization and
experimental evidence for new transcripts located between the HOX genes, abd-A and Abd-B,
based on short poly(A)1 RNA and total RNA-Seq expression profiles. The numbers to the left of
each track indicate the maximal number of reads for that sample. Three manually curated

junction-based transcript models are shown; the green transcript model was fully validated by a
cDNA, MIP06894.
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a Chr2A: 1652300 Chr2R:1853300
180! ! 623
L e [
pZ10

SHGHNAQ:" 0 Consarvation

G, c n—h—24n

A
G=C SRR S
,s,'*"UG k F
U (':g GG o o Toa
A v u :
G i-‘l.'ll g
Gac o SRR
0-A ¢ e
- : 3.00
Gy cd  @Im "”Dﬂk“ﬁﬁ SHEN
- G=C !
C-G =4 0.00 S _EE. g
cECe Tl -1.00 caRacpived-5
c A c-G -2.00 CENA o8
1] C G=C -3.00 L ]
5 G A A = Fra
G':'l: hﬁ' S'E s Vo
-G A :
=5, & G, AR
U= ¢ 1] noH A
GmC :
5 ) SeApe=
&2 e
A G =& un=aRA eIl
A A A= oENACC
5 AAAL= E"m.mr.vwp\..':.-'..'».l.\:..1&{-!4..-'«:‘ EifA-fiaintea
BoxH Box ACA e

Figure 2 | Discovery of small non-coding RNAs. a, Poly(A)* (yellow) and total RNA (blue) data
from 10-12-h embryos are shown for the gp210 gene which hosts a representative new snoRNA.
The maximal number of reads in the poly(A)* and total RNA-Seq data are shown on the left and
right of the track, respectively. b, The predicted RNA secondary structure of SnoORNAp10 is
characteristic of a H/ACA-box snoRNA. Nucleotides that are 100% conserved in sequence or
base-pairing are indicated in green and blue, respectively. ¢, Embryonic expression of the new
small RNAs. The scale bar indicates FPKM Z-scores. unsRNA, unclassified small RNA.




Figure 3

o

Female log,(FPEM+1)

0 2 4 6 8 10 12
Male log,[FPKM+1)

Transcripts expressed (FPEM =1) @

Embryo Larves Pupas M F

0
@
s

All transcription

707 modENCODE

G0+ — Primary
Annatated
pomary

modENCODE
Mature

G nome coverage (36)

Embryo Larvas PupasM F

Figure 3 | Dynamics of gene expression. a, Transcripts expressed (FPKM >1) in the short
poly(A)" RNA-Seq data: FlyBase 5.12, blue; modENCODE, purple. The bar graphs indicate the
number of transcripts expressed in each sample (Supplementary Table 1); the lines indicate the
cumulative number of expressed transcripts. The lighter blue and purple lines indicate the
cumulative number of transcripts expressed in the embryonic total RNA-Seq samples. The
horizontal dotted lines indicate the number of expressed previously annotated transcripts. F,
female; M, male. b, Scatter plot of sex-biased gene expression. Light red, female-biased
annotated (n5960); dark red, female-biased NTRs (n512); light blue, male-biased annotated
(n52,401); dark blue, male-biased NTRs (n5431); light grey, unbiased annotated (n58,217);
black, unbiased NTRs (n5136). ¢, Genome coverage. For each developmental sample, the

short poly(A)* reads were used to estimate the percentage of the genome covered using a cutoff
of two reads. The mature and primary transcripts were inferred for the previously FlyBase 5.12
(dotted lines) and modENCODE (solid lines) gene models.



Table 1

Table 1| Classification of alternative splicing events

Splicing event Diagram FlyBaser5.12 mod ENCODE Mew events Short poly(&)* RNA-Seq Signifimantly changing
Cassette exons 793 2,717 2,014 2,369 1,539
Alternative 5" splice sites 243 5,192 4,559 4583 3,142
Alternative 3" splice sites 879 6,253 5,505 5579 3242

Mutually exclusive exons 229 251 123 228 226
Coordinate cassette exons 301 1,227 a79 992 467
Alternative first exons 1,767 4,936 3,442 4473 3996
Alternative last exons 227 04 432 553 471
Retained/unprocessed introns 1434 2,679(5,667) 1,275 (4,263) 2439 (35,641) 868 (8998)
Total 6437 23859 (26.847) 18,369(21478) 21,216 (54.418) 13951 (22.081)

The numbear of retal ned funprocessed introns in parentheses indicates the total num ber identified, wheraas the numbearnot in parentheses indicates the subset of identified events that have been validated by
cDNA saquences or FlyBase 512 annotations.
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Figure 4 | Developmentally regulated splicing events. a, Conservation of internal constitutive and
cassette exons>50 nucleotides that were annotated or new discoveries. (Annotated constitutive, n
= 26,127; annotated cassette, n = 438; modENCODE cassette, n = 173; modENCODE
constitutive, n = 306; FlyBase 5.12 constitutive to modENCODE cassette, n = 304.) b, Clusters
of regulated cassette exon events during development. The scale bar indicates Z-scores of . c,
Regulated alternative splicing in CadN during embryogenesis. The maximal number of reads in
the poly(A)" RNA-Seq data are indicated for each track.
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Figure 5 | Discovery of RNA editing events. a, Rows represent edited sites. Rank-ordered
expression levels (number of reads) are shown in green and the rank-ordered editing ratios are
shown in red. Pictogram representations of editing motifs A, B and C are shown. b, RNA editing
of qvr. Male and female expression and conservation tracks are shown aboveRNA-Seq reads
from adult females that align to the edited positions (orange). Conceptual translation of the
unedited and fully edited transcripts result in four amino acid changes (red) at the C terminus of

QVR.









